Building industry is a major cause of ecological and environmental problems in the global scale. It accounts for 40% of material and 30% of global energy consumption. Emergy (spelled with an "m") is the energy of one kind (usually solar energy) that is used, directly or indirectly, to make a product or service. The objective of this paper is to identify sustainable construction materials by assessing the specific emergy of major construction materials used in Canada, including a few rapidly renewable materials suggested by Leadership in Energy and Environmental Design (LEED). Lifecycle analysis (LCA) of the selected materials was carried out to identify all type of natural, human, and energy resources used in their production process. The specific emergy of each selected material was calculated using the corresponding transformity functions. Results show that rapidly renewable materials suggested by LEED should not be taken blindly without considering the location of construction.
Introduction
As the world population increases, need for all types of infrastructure increases exponentially. After food, a shelter or home is the most basic need of every human. The building industry consumes large portion of limited reserves in the world. It accounts for 30-40% of all natural resources used in developed countries. This includes almost 40% of all material, 30% of energy, and 70% electricity consumption in the world (Roodman & Lenssen, 1995) . This is just a part of the problem; buildings do not only consume limited resources, but also create environmental pollution. According to the United States Green Building Council (USGBC, 2007) , building sector accounts for 30% of all greenhouse gas emissions and 45-60% of land filled waste. Because of the resource scarcity, there is an urgent need for paradigm shift towards sustainability and 'green' buildings, since on average green buildings consume 30% less energy, 30-50% less water, and produce 35% less carbon emissions (USGBC, 2007) .
There are various indicators applied to the building industry to evaluate its' sustainability performance. Buildings are categorized as "green" if they meet sustainability criteria defined by assessment tools/frameworks. Among all of building sustainability grading systems (Level 3), LEED developed by USGBC in 2000 is the current leading system in the North America, mainly due to its simplicity to use.
Although LEED is the most common building rating system, it has its own drawbacks. Chew and Das (2007) pointed out two main problems of LEED; first is 'point hunting', where a building can achieve required points for certification without addressing crucial points of energy efficiency. Secondly, points are lost for credits that are outside the scope of a certain project. Moreover, Newsham et al. (2009) studied 100 LEED-certified buildings on energy use and discovered that although on average LEED-certified buildings consume 18-39% less energy compared to non-certified buildings, 28-35% of LEED-certified buildings actually use more energy than conventional buildings. Authors also found a weak relationship between the energy performance of LEED-certified buildings and received energy points from the rating system. They concluded that these weaknesses question the credibility of current green building rating systems and believe there is a need for a stronger sustainability rating system. Due to the above pointed weaknesses in current sustainability rating systems, the construction industry needs a more comprehensive method that covers lifecycle of building materials and provides a better estimation of building's environmental impact. The solution may be developing an emergy based building grading system. To develop Emergy based sustainability system, it is necessary to create an emergy database for major materials currently used in the construction industry, including suggested green materials by LEED for comparison purposes.
In this paper Emergy-based Life Cycle Analysis (Em-LCA) for both conventional and LEED suggested construction materials is presented. Emergy results of materials with the same structural properties are compared to find the option with lowest environmental impact in Canada.
Background
Following is a brief background on current building rating systems and emergy based lifecycle analysis.
Building Rating Systems
The need for more buildings as global population increases is undeniable. Since buildings consume enormous amounts of limited natural resources, switching towards sustainable (also referred to as green) buildings are an urgent need. Yudelson (2008) defined green building as a "high-performance property that considers and reduces its impact on the environment and human health." A green building is a structure that is environmentally responsible and resource efficient throughout its life cycle, as shown in Figure 1 (US EPA, 2009).
The concept of sustainable buildings came into existence in early 1980s and the idea to develop rating systems to evaluate sustainability performance of buildings became popular in the early 1990s (Yudelson, 2008) . Chew and Das (2007) provided a review of building grading systems since 1990 and discussed the "scope, limitation, and working principle" of current rating systems. The authors divided building grading systems into three generations; i.e. (1) pass-fail, (2) simple additive, and (3) weighted additive systems. Table 1 provides a summary of the major grading systems in the world.
LEED and Green Construction Materials
Among various building grading systems, LEED, developed by USGBC, is the current leading system in the North America. LEED provides a point-based framework to evaluate buildings performance in six main categories: (1) sustainable sites, (2) water conservation, (3) energy and atmosphere, (4) materials and resources, (5) indoor environmental quality and (6) innovation in design and regional priority. The building can receive various levels of certification based on its overall points from all categories (i.e. certified, silver, gold, and platinum certifications).
LEED for new construction and major renovations suggested a list of 'rapidly renewable materials' (under MR Credit 6) for the use in green buildings. The main intention of using these materials is to reduce the use and depletion of finite raw materials and long-cycle renewable materials (USGBC, 2009). Suggested rapidly renewable materials by LEED are bamboo, linoleum, wool, cotton insulation, agri-fiber, wheat board, strawboard, and cork. Among these materials, bamboo and linoleum were selected for emergy analysis of this study since they are gaining popularity to replace conventional flooring and structural materials in North America. If necessary, similar emergy analysis can be performed for the remaining rapidly renewable materials suggested by LEED.
Concrete is used more than any other man-made material in the world (Lomborg, 2001 ) and the cement industry releases about 5% of the world CO 2 emissions (Pulselli et al., 2008) . LEED does not suggest an alternative for Portland cement concrete currently used in the building industry. In this paper, emergy analysis of High Volume Fly Ash (HVFA) concrete, which is commonly referred to as a "green" concrete, is compared with Portland cement concrete to find the most sustainable option for the Canadian construction industry.
Bamboo
Bamboo (as shown in Figure 2a ) is a fast growing renewable material that can be used as a sustainable alternative for traditional structural materials, such as concrete, steel and wood (Van der Lugt et al., 2005) . Strength, durability and rapid growth rate of bamboo makes it an 'environmental friendlier' alternative compared 2.2.3 High Volume Fly Ash (HVFA) Concrete Beside rapidly renewable materials suggested by LEED, HVFA concrete (also referred to as green concrete) is suggested to replace normal Portland cement concrete in sustainable structures (Mehta, 2002) . In HVFA concrete, high portion of cement (50-70%) is replaced by fly ash. Fly ash is a very fine binder powder produced from coal combustion. In modern thermal power plants fly ash does not need additional processing before being used in concrete. Therefore it is considered as an environmental friendly material from LCA point of view (NIST, 2003) .
Emergy Analysis
By definition, "emergy is the available energy of one kind that has been used up directly and indirectly to make a product or service" (Odum, 1996) . Emergy uses the thermodynamic basis of all forms of energy and materials, but converts them into equivalents of one form of energy. The most common method is transforming all inputs to solar energy (called solar emergy joule or 'sej') (Pulselli et al., 2008) .
The emergy of different products is calculated by multiplying mass (g) or energy quantities (J) by transformity, which is a transformation coefficient. Transformity is the solar emergy required, directly or indirectly, to make one joule or one gram of a product or service.
By definition, the solar emergy B k of the flow k coming from a given process is:
Where, E i is the actual energy content of the i th independent input flow to the process and Tr i is the solar transformity of the i th input flow (Pulselli et al., 2007) .
Among different evaluation methods, such as exergy, emergy, and embodied energy, emergy was chosen for the analysis presented in this paper because of its ability to normalize all products and services into a single unit. Emergy concept overcomes use of variety of units to quantify different inputs including materials, energy, and human services (Tilley & Swank, 2003) .
The main use of exergy is for energy conversion systems, such as power plants where the major input is fossil fuels and major outputs are electricity or thermal power. Compare to emergy, exergy does not account for "goods and services in the market, or information required" for a system (Meillaud & Brown, 2005) . Detailed comparison of emergy and exergy is available in the literature by Ulgiati (2000) .
Embodied energy is defined as the total energy (including fossil fuels, solar, nuclear, etc.) that was used in the work to make any product, bring it to market and dispose. Therefore, embodied energy does not consider other inputs used to make a product or service such as material, human workand information. Detailed comparison of emergy and embodied energy is performed by Brown and Herendeen (1996) . Studies conducted on emergy analysis related to construction industry are summarized in Table 2 .
In reference to buildings, Pulselli et al. (2007) performed emergy analysis to evaluate a typical residential/commercial building in central Italy during its construction, maintenance and use phases. The authors used emergy analysis as a form of sustainability indicator, while common building evaluation methods, such as LEED, follow state-pressure environmental indicators. Authors key finding from this analysis is that durability of material (life time) is an essential element of sustainability, since a longer building life span corresponds to lower annual emergy inflow for building manufacturing stage. Also, Meillaud and Brown (2005) applied emergy analysis to evaluate an educational building located in Institute of Technology of Lausanne in Switzerland. The authors chose emergy since it accounts for both economical and information flows in addition to conventional environmental flows. Analysis result was expressed in three forms of unit emergy values: transformity, specific emergy, and emergy per unit money. Authors' major conclusion was that information has the highest emergy inputs to the building, followed by human services and operating energies.
Methodology
Following steps were performed to analyze and calculate specific emergy of construction materials.
Material Selection
Construction materials chosen for this study was divided in two categories:
(1) Major construction materials in Canada: The major construction materials were chosen from a published list of building materials in Canada by Norman et al. (2006) . Emergy analysis for five most used construction materialswas conducted. The selected materials were Portland cement concrete, plywood, reinforcing bar, structural steel, and brick.
(2) Green building materials: three materials were selected asgreen alternatives to common construction materials in flooring and structural systems. Bamboo and Linoleum were selected from LEED suggested rapidly renewable materials. In addition, HVFA concrete was selected as a green substitute for Portland cement concrete. Table 3 shows mixture proportion of Portland cement and HVFA concrete used in this study.
Life Cycle Analysis
Lifecycle analysis, for all the selected materials, was conducted by using Sima Pro 7.1. The analysis considered all resources consumed by a particular material up to delivery point to aconstruction site. Resources include all types of material and energy consumptions in different lifecycle stages of selected construction materials. Initial LCA for green materials, that are not available in Sima Pro 7.1 database, were found from literature. This includes initial LCA of HVFA concrete by Chen et al. (2010) , Linoleum by Jonsson et al. (1996) , and Bamboo by Vogtländer et al. (2010) .
Emergy Calculations
Emergy analysis for each construction material was performed considering four major inputs: material, energy, transportation, and human work.
Specific emergy for transportation of building materials for a vehicle (25 tones capacity) was calculated per distance with reference to Pulselli et al. (2007). Emergy of human work was estimated as:
Human metabolism (125 kcal/h) * energy per cal (4.186 J/kcal) * typical human work/kg of concrete production (0.000146 h) = 0.08 Joules/kg of concrete Finally, Emergy of material and energy inflows was calculated based on LCA outputs using transformity values available in the literature with reference to: a (Odum, 1992), b (Buranakarn, 1998 ), c (Odum, 1996 , d (Ulgiati et al, 1994 ), e (Odum & Arding, 1991), f (Tiezzi, 2001 ), g (Ulgiati et al., 1993) and h (Pulselli et al., 2007) . Figure 3 shows the methodology for this study.
Results and Discussion
Specific emergy values for both groups of construction materials were calculated using emergy transformity functions. The results are shown in Table 4 . Table 4 is divided into four sections, showing emergy value from each inflow of material, energy, transportation, and human work separately.
Materials account for almost three-quarter and energy inflow accounts for almost one-quarter of specific emergy of Portland cement concrete. Results show that emergy of transportation is very low and negligible. This is due to short transportation distance between concrete production plant and construction site (100 km). Similarly, human work has negligible emergy and accordingly very low environmental impact.
Specific emergy of other construction materials more or less follow the same trend as Portland cement concrete, where emergy from material and energy inputs are the major contributors. Specific emergy for both groups of construction materials is shown in Figure 4 .
Specific Emergy of Concrete
The specific emergy of Portland cement concrete was found as 1.89x10 9 sej/g. Table 5 shows specific emergy of concrete from various other studies found in the literature. Main reason for variation in these values is due to differences in type and properties of concrete in the study, such as cement content, density, and compressive strength.
Comparison of Conventional and Green Materials
In this section emergy of conventional construction materials is compared with their alternative 'green' materials. Figure 4 shows emergy compression of conventional and green construction materials. sej/g), which indicates that overall less energy and material is consumed to produce HVFA concrete. Therefore it has lower environmental impact and can be considered as a green alternative for Portland cement concrete. Considering that fly ash is a byproduct of coal combustion, HVFA is more economical too. Usage of HVFA concrete in green buildings helps to reduce environmental footprint of a structure, since concrete is the most used construction material in Canada.
Tile and Linoleum (Flooring Materials)
Flooring is an important part of construction. Since it covers large area of buildings, its contribution to buildings' overall environmental impact is significant. Currently, ceramic tiles are used as one of the main flooring material in building construction in Canada. Specific emergy of tile is calculated as 3.68x10 9 sej/g (Brown & Buranakarn, 2003) . LEED suggested linoleum, as a rapidly renewable material, for flooring. Comparing specific emergy of these two flooring materials show that linoleum with specific emergy of 2.78 x10 9 sej/g is a sustainable option for flooring. Production of linoleum does not only require less natural, energy, and human resources, but also has lower environmental emission than ceramic tiles.
Plywood and Bamboo (Structural Materials)
Plywood and bamboo can be used as load bearing materials in structural systems due to their high compressive strength. As per calculations, specific emergy of plywood and bamboo are 2.66 x10 9 sej/g and 4.37 x10 9 sej/g, respectively. Comparison of specific emergies of plywood and bamboo indicates that even though bamboo is one of the rapidly renewable materials suggested by LEED, it has almost twice the specific emergy of plywood. In other words, production of bamboo requires more environmental work than plywood, if used in Canadian construction industry. This is due to high emergy in transporting bamboo from either East Asia or South America to Canada. Transportation emergy for bamboo is 2.36x10 9 sej/g, compare to 0.00919x10 9 sej/g for plywood as a locally produced material in Canada.
Conclusion
In this paper, specific emergies of major building materials in Canada and their green alternatives were calculated and their environmental impactswere studied. Lifecycle analysis of construction materials was conducted and their specific emergy was calculated using transformity functions. SimaPro was used as a tool to perform life cycle analysis of construction materials.
Results show that HVFA concrete has lower specific emergy compare to Portland cement concrete. Similarly, specific emergy of linoleum (2.78 x10 9 sej/g), as one of rapidly renewable materials suggested by LEED, is lower than ceramic tiles (3.68x10 9 sej/g). Therefore, linoleum has lower impacts on the environment and is a sustainable optionfor flooring of green buildings.
However, specific emergy of bamboo (4.37 x10 9 sej/g) is much higher than plywood (2.66 x10 9 sej/g) in Canadian context. This is mainly due to long transportation distance from production location of bamboo in East Asia to the construction site in Canada. Although emergy due to transportation for locally produced materials is less than 1%, it is high and influential for imported materials from long distances. Therefore, the rapidly renewable materials suggested by LEED, should not be chosen blindly without considering their overall environmental impacts. The main goal of LEED rating system is to classify sustainable structures. The case of bamboo indicated that LEED should categorize rapidly renewable materials suitable for different construction zones, rather than providing a general list.
The specific emergy of Portland cement concrete is 1.89x10 9 sej/g. This value was compared to the specific emergy of concrete from different sources in the literature. It fits in the range (7.34x10 8 sej/g to 3.70x10 9 sej/g), and close to the average value (1.77x10 9 sej/g).
Considering the limited natural resources and the fact that building industry accounts for 40% of global material consumption, shift toward green buildings, that are made out of sustainable construction materials, is essential. Emergy analysis considers true environmental impact of construction materials and buildings. Therefore, an 'emergy-based building evaluation system' is a comprehensive and practical approach to measure sustainability performance of buildings and identifies green structures. The above table refers to emergy studies related to building construction and materials that are available in the literature for further reading. The above table shows the result of emergy analysis performed for both conventional and green materials. Table  is divided into four sections, showing emergy contribution from material, energy consumption, transportation and human work. The last row shows specific emergy of each construction materials used for 'discussion of result' section. Brown and McClanahan (1992) 1.54E+09 Buranakarn (1998) 7. 34E+08 Bjorklund et al. (2001) 3.70E+09 Brown and Buranakarn (2003) 1. 81E+09 Pulselli et al. (2007) 1.89E+09 This study
The above table compares the specific emergy of Portland cement concrete found from this studies to the values available in the literature. Main reason for variation in these data arises from differences in type and properties of concrete, such as cement content, density and compressive strength. 
